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The intracellular signaling events by which NADPH oxidase-generated ROS modulate VSMC function and atherogenesis are yet to be entirely elucidated.
We previously demonstrated that NADPH oxidase deficiency decreased atherosclerosis in apoE -/-mice and identified adhesion protein CD44 as an important ROS-sensitive gene expressed in VSMC and atherosclerotic lesions. Here, we examined the molecular mechanisms by which NADPH oxidasegenerated ROS regulate the expression of CD44 and its principal ligand, hyaluronan (HA) and how CD44-HA interaction affects VSMC proliferation and migration and inflammatory gene expression in apoE -/-mice aortas.
Thrombin-induced CD44 expression is mediated by transcription factor AP-1 in a NADPH oxidase-dependent manner. NADPH oxidase-mediated ROS generation enhanced thrombin-induced HA synthesis, and hyaluronan synthase 2 expression in VSMC. Hyaluronidase, which generates low molecular weight HA (LMW-HA), is induced in VSMC in a NADPH oxidase-dependent manner and LMW-HA stimulated ROS generation and cell proliferation in wild-type but not p47phox -/-VSMC, effects that were enhanced by thrombin pretreatment. Haptotactic VSMC migration towards HA was increased by thrombin in a CD44-dependent manner. HA expression in atherosclerotic lesions and plasma soluble CD44 and HA levels were higher in apoE -/-compared with apoE -/-/p47phox
-/-mice. HA-regulated proinflammatory gene expression was higher in apoE -/-than apoE -/-/p47phox -/-mouse aortas. GKT136901, a specific inhibitor of Nox1 and Nox4-containing NADPH oxidase activity, attenuated ROS generation and atherosclerosis and decreased CD44 and HA expression in atherosclerotic lesions. Together, these data suggest that increased CD44 and HA expression and CD44-HA-dependent gene regulation may play a role in atherosclerosis stimulated by NADPH oxidase activation.
Keywords: Reactive oxygen species, cell proliferation, cell migration, inflammation, apoE -/-mice Atherosclerosis is a chronic inflammatory disease of the vessel wall in which reactive oxygen species (ROS) 3 -mediated activation of redox-sensitive transcription pathways 2 modulate atherosclerotic plaque progression. Increased adhesion molecule expression and remodeling of extracellular matrix are among the major changes caused by the activation of redox-sensitive signaling pathways. NADPH oxidases are critical determinants of the redox status of the vessel wall and play a critical role in the pathophysiology of atherosclerosis.
Several homologs of the gp91phox (Nox2) catalytic moiety of multisubunit NADPH oxidase (Nox) -Nox1, Nox3, Nox4, Nox5, Duox1 and Duox2 -have been recently identified (1) . All Nox homologs are transmembrane proteins that possess six transmembrane domains with conserved binding sites for FAD and NADPH and four heme-binding histidines in the third and fifth transmembrane domains. The Nox moieties have distinct subcellular localizations (2) and are differentially regulated.
For the Nox2-containing NADPH oxidase, catalytic activity is initiated following assembly of cytosolic subunits p47phox and p67phox with the membrane-bound Nox2, a process that requires phosphorylation of p47phox and p67phox, protein-protein interaction and binding of G protein Rac (1) . In the case of Nox1 and Nox3-based NADPH oxidases, the cytosolic subunits p47phox and p67phox are replaced by Nox organizer 1 (NoxO1) and Nox activator 1 (NoxA1), respectively. The activation of Nox4 does not require any of the cytosloic subunits mentioned above. However, Lyle et al. (3) recently reported that polymerase delta-interacting protein 2 associates with p22phox to activate Nox4-based NADPH oxidase. Nox1 and Nox4-based enzymes are the predominant NADPH oxidases in mouse vascular smooth muscle cells (VSMC).
CD44 is a major cell surface adhesion molecule expressed on many vascular cell types including leukocytes, macrophages, endothelial cells and VSMC. The expression of CD44 is regulated in a NADPH oxidase-dependent manner (4) . In its extracellular domain, CD44 contains hyaluronan-binding site through which it anchors hyaluronic acid (HA) to the cell surface. The binding of HA to CD44 has been shown to regulate cell activation, proliferation, migration, signal transduction and gene expression (5) .
Consistent with its pleiotropic function, altered expression or dysfunction of CD44 has been proposed to be contributory in several pathological conditions. CD44 expression is upregulated in mouse and human atherosclerotic lesions (4, (6) (7) (8) and in neointimal VSMC after arterial injury (4, 9) . CD44-deficient apoE -/-mice develop markedly decreased atherosclerosis as compared to wild-type apoE -/-littermates (6) . Proteolytic cleavage of the CD44 extracellular domain from the cell surface by metalloproteases generates soluble CD44, and circulating soluble CD44 levels are increased in humans with various inflammatory diseases and malignancies (10, 11) . To date, a direct association between circulating soluble CD44 levels and human atherosclerosis has not been clearly established (12) .
HA, a major glycosaminoglycan constituent of the extracellular matrix, is the principal ligand of CD44. HA also binds to other cell surface receptors such as RHAMM (receptor for HA-mediated motility) and LYVE-1 (lymphatic vessel endothelial HA receptor). HA polymers range in sizes and have wide-ranging and sometimes opposing biological function depending on the size (13) . Interaction of HA with cell surface receptors and a variety of hyaladherins such as link protein, versican and tumor necrosis factor-induced gene-6 can result in the formation of extracellular matrix that makes up the microenvironment of VSMC (14) .
HA is synthesized on the cytoplasmic surface of the plasma membrane by integral glycosyl transferases and is exported directly into the extracellular space (15) . There are three distinct HA synthase genes (Has1, Has2 and Has3) in mammals. HAS2 is the major HAS isoform NADPH oxidases regulate CD44 and hyaluronic acid expression 3 in VSMC (16) . Constant HA turnover occurs under normal physiologic conditions and the increase in HA levels during pathophysiologic conditions reflects the balance between its synthesis and catabolism. Hyaluronidase is the enzyme that degrades HA and two distinct hyaluronidase genes (Hyal1 and Hyal2) have been reported to be involved in the intracellular and extracellular catabolism of HA in CD44-dependent manner (17) . In addition, ROS can degrade HA under oxidative conditions (18) .
Because of its interaction with cell surface receptors, HA affects cell behavior through direct receptor-mediated effects on gene expression (19) . Alterations in HA metabolism, distribution and function have been documented in many diseases (14) . HA was shown to regulate VSMC proliferation and activation in vitro (6) and overexpression of HA in aortic VSMC of apoE -/-mice has been shown to promote atherosclerosis development (20) . Increased HA levels have been observed in injured rat carotid arteries and human restenotic arteries and atherosclerotic lesions (21, 22) . Increased HA synthesis by saphenous vein VSMC is thought to contribute to saphenous vein graft failure in bypass patients (23) and selective accumulation of HA is associated with the proliferation and migration of VSMC and thrombosis of eroded plaques (22) .
In the present study, we investigated the role of NADPH oxidases in thrombininduced regulation of CD44 and HA expression in mouse VSMC and atherosclerosis. Our results demonstrate that NADPH oxidase plays a critical role in the regulation of both CD44 and HA expression in VSMC treated with thrombin. Low molecular weight HA (LMW-HA) enhances thrombin-induced NADPH oxidase activity and proliferation of VSMC, and HA-induced VSMC proliferation is regulated in CD44-dependent manner. Absence of NADPH oxidase results in decreased levels of HA in the atherosclerotic lesions and soluble CD44 in the plasma and inflammatory gene expression in the aortic wall of apoE -/-mice. Additionally, our data suggest that Nox1 and Nox4-based NADPH oxidase inhibitors attenuate CD44 and HA expression in human aortic SMC and apoE -/-mice and decrease oxidative stress and atherosclerosis in the aortas of apoE -/-mice. (26) .
EXPERIMENTAL PROCEDURES

Chemicals and Reagents-
Cell Culture-VSMC were isolated from aortas of 4-month-old wild-type, p47phox
-/-and CD44 -/-C57BL/6 mice as previously described (27) . Aortas were dissected and digested with collagenase to remove adventitia and endothelium and then digested with collagenase and elastase at 37 o C for 1 h. VSMC were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS) as previously described (28) . Human aortic smooth muscle cells (HASMC) were purchased from Invitrogen NADPH oxidases regulate CD44 and hyaluronic acid expression 4 and were grown in smooth muscle basal medium supplemented with growth factors (SmGM-2, Lonza). All experiments were conducted using VSMC between passages 4 and 11 that were growth arrested by incubation in DMEM containing 0.1% FBS for 72 h.
Mice and Diet-Wild-type, p47phox
-/-, CD44 -/-, apoE -/-and apoE -/-/p47phox -/-mice were bred in-house as previously described (29) . All mice were on C57BL/6 genetic background. p47phox
-/-and CD44 -/-mice were backcrossed for 10 generations. Animals were maintained at 22 °C with 12 h light/dark cycle and were fed standard rodent chow until 7-8 weeks of age and then a Western diet (42% fat, Harlan Teklad / TD88137) for 12 more weeks. GKT136901, at a concentration of 10 mg/kg body weight, was delivered through oral gavage using 20G gavage needles once daily and five days a week for 12 weeks. All procedures involving the experimental animals were performed in compliance with protocols approved by UNC IACUC according to NIH guidelines.
AP-1
Transcription Factor Activity-Nuclear extracts from thrombinand vehicle-treated VSMC were prepared with NucBuster Protein Extraction Kit (Novagen) according to manufacturer's protocol. AP-1 DNA binding activity was measured using TransBinding AP-1 Assay Kit (Panomics). Briefly, nuclear extracts were incubated with biotinylated AP-1-consensus-binding-sequence oligonucleotides and the complexes bound to the oligonucleotides were detected using a primary AP-1 antibody and a secondary antibody conjugated to horseradish peroxidase. AP-1 activity was assayed by measuring the absorbance at 450 nm.
Nuclear Run-on Assay-Nuclei from thrombin-, DMNQ-and vehicle-treated VSMC were isolated by lysing cells in 250 µl lysis buffer (10 mM NaCl, 3 Cell suspensions were incubated for 20 min at 37 °C with 1µg of CD44 promoter constructs and 0.5 µg of pCMV-β-galactosidase constructs mixed with 6 µl of GenJet reagent and serum free DMEM. Fresh 10% FBS DMEM was added to the mixture and cells were plated on 12-well plates. After 24 h, cells were quiesced in 0.1% FBS DMEM for 72 h. Cells were treated with thrombin or vehicle for 8 h and lysed in GloLysis buffer (Promega). Cell lysate was mixed with either Bright-Glo luciferase substrate or Beta-Glo galactosidase substrate (Promega) in equal amounts. After 10 min incubation, luminescence was measured using Wallac 1420 Multilabel plate reader.
Measurement of CD44 mRNA Stability-VSMC were treated with thrombin or vehicle for 4 h prior to the addition of actinomycin D (5 µg/ml). RNA was extracted at 0, 2, 4 and 6 h and analyzed with real-time RT-PCR as described above.
Rac1 Activation Assay-Cell lysates from thrombin-and LMW-HA-treated VSMC were analyzed for Rac1 activation using PAK-1 PBD pull-down method (Rac1 Activation Assay Kit, Millipore). This assay uses the Rac downstream effector, p21-activated protein kinase (PAK1), to isolate the active GTP-bound form of Rac from the sample. The p21 binding domain (PBD) of PAK1 is expressed as a GST-fusion protein and coupled to agarose beads. Cell lysates were precleared with 100 µl of glutathione agarose and then immunoprecipitated with 10 µg of PAK-1 PBD at 4 °C overnight. Agarose beads were washed and analyzed by Western Blot using mouse anti-Rac1 antibody. Nonimmunoprecipitated lysates were analyzed by Western Blot to adjust for protein loading.
Western Analysis-Western analysis was performed as described previously (28) .
Intracellular ROS Detection-VSMC grown in glass-bottom plates were washed with HBSS (Hank's Buffered Salt Solution) and loaded with 10 µM H 2 DCFDA (Invitrogen) in HBSS at 37 °C for 30 min and stimulated with HBSS containing 10 µM DCFDA and either thrombin or LMW-HA. Fluorescence was read at 535 nm using Wallac 1420 Multilabel plate reader. VSMC treated with thrombin or LMW-HA were incubated with 10 µM of dihydroethidium (DHE, Invitrogen) at 37 °C for 30 min. DHE fluorescence was obtained at 590 nm in several visual fields using Leica DMIRB fluorescent microscope.
In Vitro Hyaluronan Synthase Activity Assay-VSMC were treated with thrombin or vehicle for 6 h and hyaluronan synthase (HAS) activity assay was performed as described previously (31). Cells were washed, incubated in lysis buffer (10 mM KCl, 1.5 mM MgCl 2 , 10 mM TrisHCl, pH 7.4) for 10 min, scraped and homogenized using Dounce homogenizer. Nuclei were removed by centrifuging at 1,000 X g for 4 min. Membrane fragments were separated by centrifugation at 16,000 X g for 25 min and resuspended in 100 µl of lysis buffer supplemented with protease inhibitors. HAS activity was determined in 100 µl of 25 Plasma Sample Collection and Hyaluronic Acid, Soluble CD44 and 8-isoprostane ELISA-Blood samples were collected from deeply anesthetized mice through cardiac puncture and centrifuged at 1000 x g for 10 min for separation of NADPH oxidases regulate CD44 and hyaluronic acid expression 7 plasma. Samples were stored at -80 °C until assayed. Concentration of HA in mouse plasma was measured using HA-ELISA (Echelon Biosciences) as described by the manufacturer. The Human CD44 ELISA kit (Cell Sciences) was used to measure soluble CD44 in mouse plasma and CD44 in protein lysates from mouse aortas. Plasma concentration of free 8-isoprostane was measured using 8-isoprostane EIA Kit (Cayman Chemical) according to the manufacturer's protocol.
Statistical Analysis-Data were analyzed by one-way analysis of variance and post hoc analysis was performed using Newman-Keuls test. Student's t-test was used to compare atherosclerosis, DHE fluorescence, 8-isoprostane levels and immunohistochemistry scoring in mice treated with vehicle or GKT136901. Gene expression results in VSMC were analyzed by two-way analysis of variance followed by Bonferroni post-test. Differences were considered significant at p < 0.05.
RESULTS
Thrombin Induces Cd44 Expression in VSMC through NADPH Oxidasedependent
Activation of AP-1-We previously reported NADPH oxidasedependent regulation of CD44 expression in wild-type VSMC treated with thrombin for 8 h (4). Consistent with these findings, a time-dependent activation of Cd44 mRNA expression was observed in response to thrombin treatment in wild-type VSMC, but not in p47phox -/-VSMC (Fig. 1A) . To determine whether differences in Cd44 mRNA levels between wild-type and p47phox -/-VSMC were due to differences in gene transcription or mRNA stability, we first measured de novo transcription in nuclear run-on experiments. Thrombin treatment for 3 h resulted in a two-fold increase in transcription of Cd44 RNA (p < 0.05) in wild-type VSMC but had no significant effect in p47phox -/-cells (Fig.  1B) . The thrombin-induced increase in CD44 mRNA expression was effectively blocked by pretreatment with DPI, an inhibitor of NADPH oxidases and other flavin-containing enzymes. Further support for redox-dependent regulation of Cd44 mRNA expression was evident in wild-type VSMC treated with DMNQ, a redox cycling quinone known to induce ROS generation in VSMC (32) .
Because the transcription factor AP-1 has been demonstrated to regulate CD44 expression during an inflammatory response in VSMC (33) and ROS have been implicated in the activation of AP-1 (34), we investigated activation of AP-1 in VSMC after treatment with thrombin. AP-1 DNA binding activity increased significantly (80%, p < 0.05) at 2 h and remained elevated for up to 4 h after thrombin treatment in wild-type but not in p47phox -/-cells (Fig. 1C) . To determine whether NADPH oxidase-dependent increased AP-1 DNA binding activity is the mechanism for increased CD44 expression, wild-type and p47phox -/-VSMC were co-transfected with Cd44 promoter-luciferase reporter gene constructs containing either an AP-1 binding sequence (from 5′ -334 to 3′ +53 bp containing gctgcttagtca) or a mutant AP-1 binding sequence (-334 mAP-1 containing gctgcctaggca) (26). The transfected cells were then treated with thrombin. Luciferase activities were 6.7-fold higher in thrombintreated wild-type VSMC compared with untreated cells (Fig. 1D) . Wild-type cells transfected with the mutant AP-1 CD44 promoter-luciferase reporter gene construct showed almost complete inhibition of luciferase activity in response to thrombin treatment compared with wild-type cells transfected with the control AP-1 CD44 promoter-luciferase reporter gene construct. Importantly, transfection of p47phox -/-VSMC with either control or the mutant AP-1 CD44 promoter-luciferase reporter gene construct failed to show any significant increase in luciferase activity compared with their respective controls (Fig. 1D) .
We next investigated whether thrombin enhances the expression of CD44 by altering the stability of Cd44 mRNA. The half-life of Cd44 mRNA in control and thrombin-treated wild-type VSMC was assessed by mRNA chase experiments using the transcription inhibitor actinomycin D. CdD44 mRNA stability was not altered by thrombin (Fig. 1E) -/-VSMC treated with thrombin using HA binding protein (HABP) (Fig. 2A) . Thrombin markedly increased HA synthesis in wild-type cells compared to p47phox -/-cells. Hyaluronidase treatment prior to immunostaining, to catabolise extracellular HA and thus demonstrate the specificity of HABP in recognizing HA, abrogated HA staining of both the cell types.
Hyaluronan synthase 2 (HAS2) is a major source of HA (38, 39) . Quantitative RT-PCR analysis was used to determine whether the observed thrombin-induced increase in HA levels in wild-type VSMC resulted from increased synthesis. A timedependent increase in Has2 expression was observed in wild-type VSMC treated with thrombin (Fig. 2B) . A 3.6-fold increase (p < 0.01) in Has2 expression was observed in wild-type VSMC at 4 h after thrombin stimulation. Consistent with the putative role of NADPH oxidase in regulating HA levels, thrombin treatment had no significant effect on Has2 expression in p47phox -/-VSMC. Thrombin also had no significant effect on Has1 and Has3 expression in either cell type (data not shown). Thrombininduced increase in Has2 mRNA levels was followed by a significant increase in the expression of HAS2 protein levels at 6 and 8 h in wild-type cells, but not in p47phox -/-cells (Fig. 2C) . We then examined whether thrombin also regulates HAS activity in NADPH oxidase-dependent manner (Fig.  2D) . Thrombin increased HAS activity by 40% in wild-type VSMC after 6 h treatment (p < 0.05) whereas it had no significant effect on the activity of this enzyme in p47phox -/-cells (Fig. 2D) . Interestingly, thrombin treatment also caused a timedependent increase in the expression of hyaluronidase 3 (Hyal3) in wild-type, but not in p47phox -/-VSMC (Fig. 2E ). Hyal3 mRNA expression was 4.4-fold higher (p < 0.01) in wild-type VSMC than in p47phox -/-VSMC at 8 h after thrombin treatment. Thrombin had no significant effect on Hyal1 and Hyal2 expression in either cell type (data not shown). Taken together these data suggest that NADPH oxidase activation mediates thrombin-induced HA levels in VSMC by regulating both synthetic and degradation enzymes. Furthermore, ROSregulated expression of Hyal3 may lead to enhanced degradation of HA and generation of biologically active LMW-HA.
Interaction of Thrombin with LMW-HA Induces ROS Generation in NADPH Oxidase-dependent
Manner via the Activation of Rac1-A sustained and marked increase in thrombin concentration occurs after arterial injury (40) and active thrombin has been shown to be present in human atherosclerotic lesions (41) . Accumulation of HA has been observed in the plaque/thrombus interface in humans (22) . Because these events likely involve NADPH oxidase activation, we investigated whether thrombin and LMW-HA interaction increases oxidative stress in VSMC. First, we quantified ROS production by measuring DCF fluorescence. Thrombin caused a 50% NADPH oxidases regulate CD44 and hyaluronic acid expression 9 increase (p < 0.05) in DCF fluorescence in wild-type VSMC, but no significant increase in p47phox -/-VSMC (Fig. 3A) . LMW-HA treatment significantly increased DCF fluorescence in wild-type (p < 0.05) but not in p47phox
-/-cells. Wild-type VSMC pretreated with thrombin for 8 h and then treated with LMW-HA had 90% higher fluorescence compared with control cells (p < 0.001) and 30% higher fluorescence than thrombin-treated cells (p < 0.05) (Fig. 3A) . Thrombin pretreatment followed by LMW-HA treatment had no significant effect on DCF fluorescence in p47phox -/-cells. Similar to its effect in wild-type cells, thrombin increased DCF fluorescence by 50% (p < 0.05) in CD44 -/-VSMC (Fig. 3A) . However, LMW-HA alone or pretreatment with thrombin followed by LMW-HA treatment had no significant effect on DCF fluorescence in CD44 -/-VSMC, indicating that interaction of thrombin-induced CD44 with LMW-HA induces ROS generation in VSMC.
To confirm these results, we analyzed DHE fluorescence in wild-type, p47phox
-/-and CD44 -/-VSMC treated with thrombin, LMW-HA or both. A marked increase in DHE fluorescence was observed in wild-type and CD44 -/-VSMC treated with thrombin (data not shown). DHE fluorescence was further enhanced in wildtype cells pretreated with thrombin for 8 h followed by treatment with LMW-HA, but not in CD44 -/-VSMC. In contrast, none of these treatments significantly affected DHE fluorescence in p47phox -/-cells (data not shown).
Because both thrombin and HA are known to activate Rac1 GTPase (42,43), a regulatory subunit of NADPH oxidase, we investigated the interaction of thrombin and LMW-HA on Rac1 activity by performing PAK-1 PBD pull-down assay. Thrombin and LMW-HA increased Rac1 activity in wild-type cells by 80% and 70%, respectively (p < 0.05). Pretreatment with thrombin for 8 h prior to LMW-HA treatment increased Rac1 activity by 130% relative to untreated control (p < 0.001) and by 35% relative to LMW-HA treatment alone (p < 0.05) (Fig. 3B) . Thrombin significantly increased Rac1 activity in CD44 -/-VSMC (p < 0.05) (Fig. 3B ), but LMW-HA or thrombin pretreatment followed by LMW-HA had no significant effect on Rac1 activity in CD44 -/-VSMC. Thrombin, LMW-HA or thrombin pretreatment followed by LMW-HA had no significant effect on the activation of Rac1 GTPase in p47phox -/-VSMC. Combined with our previous observations (4), these data suggest that NADPH oxidase is necessary for thrombin-induced CD44 expression and interaction of CD44 and HA, which in turn, activates NADPH oxidase.
LMW-HA Augments Thrombininduced Proliferation of VSMC and CD44 Regulates Thrombin-induced Haptotactic Migration of VSMC towards HMW-HA-LMW-HA
regulates VSMC proliferation in CD44-dependent manner (6) . To determine the role of ROS and confirm that of CD44 in LMW-HA-induced VSMC phenotype, we measured DNA synthesis in wild-type, p47phox
-/-and CD44 -/-cells treated with LMW-HA. LMW-HA increased DNA synthesis in wild-type VSMC, though the increase was not statistically significant ( Figure  4A ). Treatment with LMW-HA had no effect in CD44 -/-cells.
Thrombin significantly increased DNA synthesis in wild-type and CD44 knockout VSMC (p < 0.01) but not in p47phox -/-cells, consistent with our prior findings (28) (Fig. 4A) . Thrombin pretreatment for 8 h prior to LMW-HA treatment increased [ 3 H]-thymidine uptake in wild-type VSMC by 3.5-fold compared to untreated cells (p < 0.001) and by 2.2-fold compared to LMW-HA treatment alone (p < 0.01). LMW-HA or thrombin pretreatment followed by LMW-HA had no significant effect on DNA synthesis in p47phox -/-or CD44 -/-cells. Together, these results indicate that interaction of LMW-HA with NADPH oxidase-dependent increased CD44 expression plays an important role in VSMC proliferation.
Because CD44 isoforms were known to enhance migration of melanoma cells on HA-coated surfaces (44,45), we investigated whether CD44 regulates thrombin-induced migration of VSMC. In a haptotactic cell migration assay, a greater number of wild-type cells migrated toward HA as compared with bovine serum albumin.
Treatment with thrombin significantly increased VSMC migration toward HA compared to untreated control (p < 0.05) (Fig. 4B) . Thrombin pretreatment for 8 h followed by thrombin treatment further enhanced VSMC migration toward HA compared to thrombin treatment alone (p < 0.05). The migration of VSMC toward HA in response to thrombin alone and thrombin pretreatment + thrombin was significantly inhibited (p < 0.05) by anti-CD44 mAb while isotype-matched mouse IgG had no inhibitory effect on the migration induced by thrombin pretreatment + thrombin treatment. Together with the published data (4) (Fig. 5, B and C) . Intense HA expression was observed in the medial layer as confirmed by smooth muscle α-actin staining and in macrophage enriched, oil red O positive areas of plaques (Fig. 5B) .
These in vivo findings suggest that mechanisms similar to those observed in cultured VSMC for NADPH oxidase regulation of CD44 and HA expression are important in vivo. Increased systemic expression of CD44 in apoE -/-aortas also indicates the role of NADPH oxidase in the induction of a pro-inflammatory milieu in mice.
Plasma Soluble CD44 and HA Levels are Downregulated in ApoE -/-Mice Deficient in p47phox Subunit of NADPH Oxidase-Shedding and release of soluble CD44 into the systemic circulation is induced by various cytokines (46) and HA degradation and turnover are regulated by ROS -processes characteristic of an inflammatory response (18, 47) . Further, increased plasma HA levels have been associated with diabetic angiopathy and the susceptibility of diabetic patients to atherosclerosis (48, 49) . Because the activation of NADPH oxidases contributes to inflammation (50,51), we investigated soluble CD44 and HA levels in the plasma of apoE -/-and apoE -/-/p47phox -/-mice on a Western diet.
Soluble CD44 levels increased significantly in apoE -/-mice as compared to apoE -/-/p47phox -/-and wildtype mice (p < 0.05) (Fig. 6A) . Similarly, plasma HA levels in apoE -/-/p47phox -/-mice were significantly lower than those in apoE -/-mice (p < 0.01) (Fig. 6B ). There was no significant difference in either plasma soluble CD44 or HA levels between wildtype and apoE -/-/p47phox -/-mice. These data support our observation of increased expression of CD44 and HA in the aortic wall of apoE -/-mice. Further, they suggest that increased NADPH oxidase-dependent degradation of HA and shedding and release of soluble CD44 antigen into systemic circulation enhance inflammatory process and promote atherosclerosis in proatherogenic milieu.
CD44 and HA-dependent Gene Expression is Regulated in ApoE -/-Mice in NADPH
Oxidase-dependent Manner-Interaction of CD44 with LMW-HA results in the induction of chemokine gene expression in macrophages (36) and CD44 regulates vascular gene expression in atherosclerosis-prone regions of the vasculature (52) . Soluble HA was shown to induce the expression of Il1β, Tnfα and Igf1 in bone-marrow derived macrophages (53) and Ccl2, Ccl4 and Ccl5 in alveolar macrophages (36) . We performed gene expression analysis of aortas from mice fed a Western diet to determine whether NADPH oxidase-dependent, increased expression of CD44 and HA will result in increased expression of the aforementioned genes in apoE -/-mice as compared to apoE
-/-mice. Real-time RT-PCR analysis showed significantly higher levels of Ccl2, Ccl5, Tnfα and Igf1 expression in aortas of apoE -/-mice compared to the double knockout mice (p < 0.05) ( Table 1) . Differences in the expression of Ccl4 and Il1β trended to higher levels but were not significant.
These results suggest that NADPH oxidase-dependent expression of CD44 and HA in the vascular wall and ROS-dependent HA degradation and release of LMW-HA leads to increased interaction of CD44 and LMW-HA and induction of pro-inflammatory cytokines expression in the vasculature and that this promotes atherogenesis. (Fig. 7A) , a dual Nox1/Nox4 inhibitor, on atherosclerosis development in apoE -/-mice and the presence of CD44 and HA in atherosclerotic lesions.
Nox4 regulates VSMC migration (3) and its expression is significantly enhanced in apoE -/-mice compared to wild-type mice (54). GKT136901 has a K i in the range of 150-250 nM for human Nox1 and Nox4 (E max of 90-100% at 33 μM) in a cell-free system and is bioavailable following oral administration (Genkyotex S.A., unpublished data).
GKT136901 treatment significantly decreased aortic atherosclerotic lesion area compared with vehicle treatment (p < 0.05) (Fig. 7B ). There was no significant effect of GKT136901 on body weight, plasma total cholesterol or triglyceride levels ( Table 2) . GKT136901 did significantly inhibit aortic ROS production as measured by the decrease in DHE fluorescence of freshfrozen cross sections (p < 0.05 vs vehicle) (Fig. 7C) . To quantify systemic oxidative stress, plasma 8-isoprostane levels were determined using Enzyme Immunoassay kit. A modest but significant decrease (p < 0.05) in plasma 8-isoprostane levels was observed in apoE -/-mice treated with GKT136901 compared with mice treated with the vehicle (Fig. 7D) . Immunostaining of aortic cross sections showed a significant decrease in CD44 and HA expression in atherosclerotic lesions of apoE -/-mice treated with GKT136901 compared with those from mice treated with the vehicle (Fig. 7E and  F) .
Further, expression of monocyte/macrophage marker, CD11b, was significantly decreased in atherosclerotic lesions in mice treated with GKT136901 compared with the vehicle treatment ( Fig.  7E and F) . These results support our in vitro data that NADPH oxidases regulate CD44 and HA expression and together with other published reports (4) indicate that CD44 and HA-dependent inflammatory cell recruitment and VSMC activation promotes atherosclerosis.
Thrombin regulates HASMC CD44 and HA expression in Nox1/Nox4-based NADPH oxidase-dependent manner-To determine whether CD44 and HAS2 are regulated in a similar manner in human vascular cells, we investigated thrombininduced CD44 and HAS2 expression in HASMC. Western blot analysis revealed that thrombin regulates these proteins in a time-dependent manner, with peak CD44 expression at 4 h and HAS2 at 8 h (Fig. 8A) .
As an approach to determine the importance of NADPH oxidase in CD44 and HAS2 expression in HASMC, we treated cells with thrombin in the presence and absence of GKT136901. Pretreatment of HASMC with 30 µM of GKT136901 for 1 h prior to thrombin treatment significantly inhibited intracellular ROS generation as measured by DCF fluorescence (p < 0.01) (Fig. 8B) . GKT136901 also significantly inhibited thrombin induced Cd44 mRNA levels at 2 and 4 h (p < 0.001 and p < 0.05, respectively) and Has2 mRNA levels at 2 h (p < 0.01) (Fig. 8 C and D) without significantly affecting Nox1 or Nox4 expression (data not shown). Consistent with this, GKT136901 abrogated any thrombin-induced increase in CD44 and HAS2 proteins levels (Fig. 8, E and F) . Together with mouse cell culture and atherosclerosis model results, these data underline the relevance of ROS-sensitive regulation of CD44, HAS2 and HA expression in human atherosclerosis development.
DISCUSSION
The experiments reported here demonstrate that 1) NADPH oxidase regulates thrombin induced CD44 expression via activation of AP-1; 2) increased synthesis and degradation of HA in thrombin-treated VSMC is regulated in NADPH oxidase-dependent manner; 3) LMW-HA enhances oxidative stress by activating Rac1 and subsequent induction of NADPH oxidase activity; 4) interaction of LMW-HA with NADPH oxidase-dependent increased CD44 expression in thrombintreated VSMC plays a vital role in cell proliferation and migration; 5) CD44 and HA-dependent gene expression is significantly upregulated in the aortas of apoE -/-mice compared with apoE -/-/p47phox -/-mice; and 6) GKT136901, a pharmacological inhibitor of Nox1/Nox4-based NADPH oxidases not only inhibits oxidative stress, CD44 and HA expression and atherosclerosis in apoE -/-mice, but also attenuates thrombin-induced ROS generation, CD44 and HA expression in HASMC. Together, these studies indicate that CD44 and HA constitute a Nox homologue-independent NADPH oxidaseregulated redox-sensitive signaling pathway active in the pathogenesis of atherosclerosis.
We and others have reported that CD44 expression is enhanced in response to arterial injury, inflammation and atherosclerosis (4,6,33) -interrelated pathologic processes that are regulated in a redox-sensitive manner (55) . Our in vitro data that thrombin stimulated CD44 expression is regulated by transcription factor AP-1 is consistent with the redoxsensitive regulation of this adhesion molecule and is in agreement with other reports (26, 33) .
HA is synthesized in VSMC by three HA synthases (56) , however, HAS2 is almost certainly the major HA synthesizing enzyme in VSMC based on two lines of evidence.
First, when Has2 is downregulated using siRNA, VSMC proliferation is inhibited (23). Second, VSMC-specific overexpression of Has2 enhances atherosclerosis in apoE -/-mice (20) . Our data indicate that increased HAS2 expression and activity in response to thrombin treatment is dependent on NADPH oxidase activation.
Further, our data indicating that an NADPH oxidase regulates Hyal3 expression in VSMC treated with thrombin is significant because increased HA during pathological conditions is the sum of its synthesis and catabolism. This is also an interesting observation because Hyal3 -/-mice do not exhibit any HA accumulation (57) and cellular overexpression of Hyal3 does not impart intrinsic hyaluronidase activity (58) . In contrast, upregulation of Hyal3 was reported in chondrocytes treated with cytokines (59) . Though ROS can cleave HA in laboratory tests (17) and HA levels have been positively correlated with other oxidative stress makers in diabetic patients (47), evidence for the direct action of ROS on HA degradation in studies using cell culture or cell-free extracts is absent.
The increase in thrombin-induced NADPH oxidase activity by LMW-HA may be due to either enhanced Rac1 activity (Fig.  3B) or enhanced CD44 expression caused by thrombin pretreatment, or both. HA has been reported to induce ROS production in a CD44-dependent manner (43, 60) and NADPH oxidase mediates the increase in ROS production as downregulation of p47phox, p67phox or Rac1 decreased ROS levels (43) . Arterial injury and atherosclerotic lesions are characterized by enhanced thrombin expression and activity (40, 41) In addition to their role in VSMC proliferation and migration, CD44 and HA participate in many processes that promote atherogenesis.
For example, CD44 contributes to the initial rolling interaction between lymphocytes and endothelium and once within the subendothelial space, CD44 mediates interactions between leukocytes, VSMC and parenchymal cells (19) . In this context it is noteworthy that pharmacologic inhibition of Nox1/Nox4-based NADPH oxidase in apoE -/-mice not only attenuated ROS generation in the aortic wall and plasma 8-isoprostane levels but also decreased atherosclerotic burden, CD44 and HA levels in the aortic wall and macrophage recruitment into these lesions (Fig. 7) . To our knowledge, this is the first study to show that a specific inhibitor of Nox1/Nox4 activity significantly decrease atherosclerosis in apoE -/-mice. This inhibitor may have therapeutic potential as it inhibited CD44 and HA expression and oxidative stress in HASMC. Increased HA levels in medial VSMC were correlated with increased mechanical stiffness and strength of the aortas, which is linked to endothelial dysfunction and atherogenesis (20, 63) . Because HA interacts with lipoproteins through hydrophobic interactions (64), increased HA might promote atherogenesis by retaining lipoproteins in the arterial wall.
Finally, our analysis of known HAregulated genes (36, 53) (65) and increased expression of serum MCP-1 was observed in hypertensive patients with diffuse atherosclerosis as well (66) . In concurrence with our results, Bae et al (67) have recently reported that RANTES is regulated in a NADPH oxidase-dependent manner. Further, a transient increase in RANTES levels was reported in patients experiencing unstable angina pectoris (68) . TNF-α plays a key role in the inflammatory cascade associated with atherosclerosis (69) and several studies support the association of increased TNF-α levels with increased risk of myocardial infarction (70, 71) . The role of IGF-1 in atherogenesis is controversial. Several studies suggest that IGF-1 accelerates atherogenesis (72, 73) , while another study has reported an association of low serum IGF-1 levels with increased risk for ischemic heart disease (74) . Our data indicating pharmacologic inhibition of Nox1/Nox4-based NADPH oxidase markedly decreases CD44 and HA expression in the vascular wall validates our hypothesis that NADPH oxidase activation promotes atherosclerosis via CD44 and HAdependent processes.
In summary, our data provide insight into the molecular mechanisms by which NADPH oxidase activation promotes atherosclerotic lesion formation. NADPH oxidases mediate agonist-induced HA synthesis by regulating both HA synthetic and degradation enzymes and a positive feedback loop between HA and NADPH oxidase increases oxidative stress and enhances atherosclerosis. Interaction between increased CD44 and HA levels resulting from NADPH oxidase activation in hyperlipidemic background induces chemokine, cytokine and growth factor production, which promote atherosclerosis.
Specific inhibitors of NADPH oxidase function may provide an effective therapy for treating atherosclerosis not just by decreasing oxidative burden but also by attenuating the molecular pathways that promote atherosclerosis. 
